T H I B A U LT G . S A N A & D E N I S E M . M O N AC K
A n unwanted side effect of antibiotics can be an increase in pathogenic gut bacteria. A study reported on page 697 by Faber et al. 1 now shows that increased growth of the gut pathogen Salmonella enterica serovar Typhimurium (S. Typhimurium) after antibiotic treatment in mice is the result of sugar oxidation that is driven by a host enzyme.
The mammalian gastrointestinal tract is colonized by a dense community of resident microbes known as the gut microbiota that not only helps us to digest certain foods, but also helps to prevent colonization by invading and potentially hostile microorganisms -a property known as colonization resistance. Perturbations to the microbiota, such as those caused by the use of oral antibiotics, often lead to increased colonization by various gut pathogens, such as S. Typhimurium and Clostridium difficile 2, 3 . Broad-spectrum antibiotics deplete the resident (commensal) microbiota, allowing pathogens to proliferate, which in turn can lead to gastrointestinal inflammation 4 . Antibioticassociated diarrhoea and inflammation occurs in 5-25% of people treated with antibiotics and is considered a major health problem 5 . Nutrient availability is a key factor in determining bacterial growth. It has been known for decades that pretreatment of mice with the antibiotic streptomycin increases the severity of colon inflammation induced by S. Typhimurium 6 , and in the inflamed gut there are multiple nutrients that can facilitate the replication of this bacterium. For example, S. Typhimurium and other members of the Enterobacteriaceae family can use ethanolamine derived from the degradation of cell membranes as a source of carbon and nitrogen [7] [8] [9] . In addition, antibiotic-mediated disruption of the microbial food web can give rise to microbiota-liberated sugars in the gut that promote the growth of S. Typhimurium and C. difficile 10 . Moreover, antibiotics also increase expression of a host enzyme called inducible nitric oxide synthase (iNOS) 11 , but the link between iNOS and enhanced S. Typhimurium growth in the gut had not been previously established. The key advance in the paper by Faber and colleagues is to provide mechanistic insight into how antibiotic treatment leads to iNOS-dependent generation of oxidized sugars, which S. Typhimurium uses as a food source to grow rapidly in the gut.
The authors investigated the changes that occur after antibiotic treatment. After confirming that the treatment leads to overexpression of iNOS (by an unknown mechanism), the authors showed that host-driven iNOS-dependent oxidization of the sugars glucose and galactose in the gut leads to the generation of the sugars glucarate and galactarate, both of which can be metabolized by S. Typhimurium.
The researchers then characterized S. Typhimurium genes involved in metabolizing oxidized glucose and galactose (the gudT ygcY gudD STM2959 operon). The expression of these genes is induced by hydrogen, a fermentation product of the microbiota 12 , indicating that the production of the enzymes that they encode is tightly regulated, and probably restricted to a gut-like environment. Interestingly, related genes were found in other Enterobacteriaceae present in the resident bacterial community, such as Escherichia coli and Klebsiella oxytoca. The authors show that these genes are also important for E. coli to increase in numbers in the gut after antibiotic treatment.
Because S. Typhimurium probably competes with commensal bacteria for the oxidized sugars, it is tempting to speculate that it might have evolved specific mechanisms to outcompete resident bacteria for the same food source. The 1 confirmed that treatment of mice with antibiotics increases the expression of the host enzyme inducible nitric oxide synthase (iNOS) by an unknown mechanism. iNOS can produce reactive oxygen species, and the authors propose that such species can oxidize glucose and galactose sugars to glucarate and galactarate, respectively. These oxidized sugars are metabolized by Salmonella enterica serovar Typhimurium (S. Typhimurium), as well as by other members of the Enterobacteriaceae family, such as resident Escherichia coli. Antibiotic treatment also results in the formation of sialic acid and fucose by the activity of resident bacteria; these nutrients can also be metabolized by S. Typhimurium 10 . Antibiotic treatment therefore ultimately creates a perfect mix of nutrients for S. Typhimurium to proliferate. elucidation of such competition mechanisms would add a new layer of complexity to our understanding of the microbiota's response to antibiotics and will require further studies. Thus, the increase of S. Typhimurium in the gut after antibiotic treatment can be attributed to the microbiota-delivered nutrients sialic acid and fucose 10 and to host-mediated oxidation of carbohydrates in the gut, providing diverse food sources for the pathogen (Fig. 1) .
Antibiotics are useful for treating susceptible bacterial infections and certainly provide human health benefits. However, with the emergence of multidrug-resistant pathogens that are predicted 13 Writing in Cell, Tian et al. 5 and Merkwirth et al. 6 identify factors that relay mitochondrial dysfunction to the UPR mt . Changes in gene expression are largely brought about by alterations in how tightly DNA is packaged around histone proteins in a structure called chromatin. Chromatin regulation is achieved partly through chemical decorations that modify histones, modulating this packaging. The current studies reveal that histone-modifying enzymes are integral players in the UPR mt stress response and lifespan extension in C. elegans.
S I U S Y LV I A L E E & J E S S I C A K . T Y L E R
By using genetic screens, Tian and colleagues found that the gene lin-65 is essential for the induction of UPR mt in response to mitochondrial stress. However, it should be noted that lifespan was extended even in the absence of lin-65, suggesting that mitochondrial stress also induces other pathways that promote longevity. The authors demonstrated that mitochondrial stress causes the LIN-65 protein to shuttle from the cytoplasm to the nucleus, reminiscent of the UPR mt regulator and transcription factor DVE-1, which also undergoes stress-induced nuclear migration 7 . Indeed, the researchers found that LIN-65 is required for the nuclear relocalization of DVE-1.
Tian et al. provided evidence to suggest that the addition of two methyl groups to aminoacid residue lysine 9 of histone H3 (a modification dubbed H3K9me2) in the cytoplasm by the MET2 methyltransferase enzyme triggered DVE-1 to shuttle to the nucleus. However, the possibility that non-histone targets of methylation are involved in this process cannot be ruled out, because the authors' suggestion is based on methyltransferase inactivation, which could alter the methylation of many other proteins besides histones. The mechanism by which H3K9me2 promotes DVE-1 nuclear migration remains unknown.
The H3K9me2 modification is generally associated with tightly packaged chromatin. Indeed, Tian and colleagues observed that nuclei in worms exposed to mitochondrial stress consistently looked smaller and more dense than those in unstressed worms. DVE-1 localized to discrete spots away from DNA-dense regions, suggesting that this factor preferentially targets DNA regions that are less tightly packaged. This work supports a model whereby stress, through H3K9me2, induces changes in chromatin packaging that restrict the number of DNA regions to which DVE-1 can bind to regulate transcription. Thus, stress leads to specific changes in gene expression (Fig. 1) .
In a complementary study, Merkwirth et al. identified the genes jmjd-1.2 and jmjd-3.1 as crucial for the activation of the UPR mt pathway and extended lifespan in worms that had mitochondrial impairment. These genes encode enzymes that remove methyl groups from a histone modification dubbed H3K27me3, which is associated with tightly packaged chromatin. Mitochondrial impairment increases the expression of these two histone demethylases, which presumably leads to unpack aging of chromatin (Fig. 1) . Over expression of jmjd-1.2 and jmjd-3.1 in C. elegans recapitulates many of the effects of mild mitochondrial stress, including increased longevity and UPR mt induction, perhaps because increased levels of JMJD-1.2 and JMJD-3.1 repress the expression of many mitochondrial genes, thereby impairing mitochondrial function.
In both studies, the histone modifiers seemed to exert their effects predominantly on juvenile worms. It is therefore tempting to speculate that chromatin is most receptive to stress-induced reorganization in early life, and that these changes help to establish a stress response that persists into adulthood. Histone modifications can be stably maintained through cell divisions, even through generations, making them good candidate substrates for a 'cellular memory' of mitochondrial dysfunction. It will be interesting to determine whether H3K9me2 methyltransferases and H3K27me3 demethylases are required for maintenance of the mitochondrial-dysfunction-induced transcriptional program and activation of the UPR mt through to adulthood, even when the mitochondrial stress that triggered it is removed.
Because regulation of gene expression is
PHYSIOLOGY

Stressed-out chromatin promotes longevity
Two studies reveal that early-life malfunction in organelles called mitochondria brings about lasting changes in how DNA is packaged. These alterations have consequences for cellular stress responses and organismal longevity.
